Patients with central vision loss (CVL) typically adopt eccentric viewing strategies using a preferred retinal locus (PRL) in peripheral retina. Clinically, the PRL is defined monocularly as the area of peripheral retina used to fixate small stimuli. It is not clear if this fixational PRL describes the same portion of peripheral retina used during dynamic binocular eye-hand coordination tasks. We studied this question with four participants each with a unique CVL history. Using a scanning laser ophthalmoscope, we measured participants' monocular visual fields and the location and stability of their fixational PRLs. Participants' monocular and binocular visual fields were also evaluated using a computer monitor and eye tracker. Lastly, eye-hand coordination was tested over several trials where participants pointed to and touched a small target on a touchscreen monitor. Trials were blocked and carried out monocularly and binocularly, with a target appearing at 5°or 15°from screen center, in one of 8 locations. During pointing, our participants often exhibited long movement durations, an increased number of eye movements and impaired accuracy, especially in monocular conditions. However, these compensatory changes in behavior did not consistently worsen when loci beyond the fixational PRL were used. While fixational PRL size, location and fixation stability provide a necessary description of behavior, they are not sufficient to capture the pointing PRL used in this task. Generally, patients use a larger portion of peripheral retina than one might expect from measures of the fixational PRL alone, when pointing to a salient target without time constraints. While the fixational and pointing PRLs often overlap, the fixational PRL does not predict the large area of peripheral retina that can be used.
Introduction
Central vision loss (CVL) can have a variety of causes, with the most common being age-related macular disease (AMD), which affects 2-3% of the US population over the age of 50 and primarily disrupts vision in the fovea and parafovea (Friedman et al., 2004; Jager, Mieler, & Miller, 2008; Zarbin, 2004) . Since the fovea provides the highest visual acuity, CVL can dramatically impair one's day-to-day functioning in tasks such as driving, object recognition and reading.
Fully sighted individuals consistently use their foveae to gather task relevant visual information over time (Land & Hayhoe, 2001) . When CVL disrupts the foveae, information must instead be gathered in the peripheral retina, but it is not clear if a consistent retinal locus is always used. Under conditions of monocular, headfixed viewing, CVL patients engage in eccentric viewing where they may often use a preferred retinal locus (PRL), i.e. a favored region in the peripheral retina that can be used for fixation (Crossland, Culham, Kabanarou, & Rubin, 2005; Fletcher & Schuchard, 1997; Schuchard, 2005; Timberlake et al., 1986; White & Bedell, 1990) . Questions remain as to why the fixational PRL develops where it does, and the efficiency with which it can be aimed at new locations with saccades.
Stability, selection and use of PRLs all vary with duration of impairment, the nature of retinal damage and training (Crossland, Engel, & Legge, 2011; Crossland et al., 2005; Fletcher & Schuchard, 1997; Kabanarou et al., 2006; Schuchard, 2005; Schuchard, Naseer, & de Castro, 1999; Tarita-Nistor, González, Markowitz, & Steinbach, 2009; Vingolo, Salvatore, & Cavarretta, 2009 ). However, PRL use is not well documented during the everyday life of maculopathy patients. In particular, little is known of binocular visual behavior guiding the manipulation of objects. Prior studies have largely focused on reading and visual search paradigms viewed monocularly with head and body movements constrained (Kabanarou et al., 2006) .
Many portions of peripheral retina may be suitable for eccentric viewing, dependent on task demands and the visual properties of the objects being viewed. In natural scenarios, do subjects reliably use only a small patch of peripheral retina as a 'pseudo-fovea'? Or is there variability in size and location of the PRL, and if so, how does this impact performance?
Fully sighted subjects foveate areas of a scene related to the current task and image properties (Land & Hayhoe, 2001; Land, Mennie, & Rusted, 1999) . Several studies examining PRL use suggest a similar link with task demands and stimulus properties. For example, Lei and Schuchard (1997) found subjects used different PRLs when fixating a stimulus of high or low brightness. Duret, Issenhuth, and Safran (1999) and Deruaz, Whatham, Mermoud, and Safran (2002) both found subjects who used multiple PRLs to read text and altered the PRL selected dependent on text size in the former study. Timberlake, Sharma, Grose, and Maino (2006) reported that some subjects used PRLs for reading that differed from the PRL used to maintain fixation on a small stimulus. Similarly, Crossland, Crabb, and Rubin (2011) observed age-related macular degeneration subjects that used PRLs that differed between fixation of a point stimulus and fixation of a word.
These studies suggest that the extent and location of a PRL can shift due to task demands and stimulus properties. However, they were tested in controlled circumstances with monocular viewing and restrictions on head and body movements. In a study allowing hand movements, Timberlake, Grose, Quaney, and Maino (2008) and Timberlake, Omoscharka, Grose, and Bothwell (2012) studied PRL use in a set of manual tasks, e.g. tracing an outline with one's hand, but this was limited to a monocular view where the participant watched a live video of their hand movements via a scanning laser ophthalmoscope (SLO). They found that most often the subject directed his fixational PRL to points of manipulation but would occasionally use other retinal locations. Sullivan, Jovancevic, Hayhoe, and Sterns (2005) and Sullivan, Jovancevic-Misic, Hayhoe, and Sterns (2008) presented data from a single Stargardt's patient wearing a mobile eye tracker allowing full range of body movements. Instead of a small PRL, they found that the subject tended to use a large portion of a visual quadrant for manipulation and would even switch quadrants contingent on task demands. However, they did not sufficiently characterize visual fields or PRLs of this patient, and behavior from a juvenile macular degeneration patient may not generalize to other forms of CVL.
Current evidence suggests that fixational PRL use may not be completely representative of functional PRL use, e.g. the portion of retina a stimulus subtends while a participant engages in an interaction with it (Sullivan et al., 2005 (Sullivan et al., , 2008 . To address this hypothesis, we examined the visual function and visuo-motor behavior of four individuals with varying types of CVL. We measured monocular fixational PRLs and compared them to participants' task or functional PRLs during pointing, i.e. the portion of peripheral retina used while subjects pointed to a target on a computer monitor in monocular and binocular viewing conditions. Our experiment included three sections: measuring patient visual fields in an SLO and using a computer monitor, measuring the fixational PRL in the SLO and finally measuring the task PRL in the aforementioned pointing task. We compare the fixational and pointing PRLs, with a particular examine how stimulus location may influence pointing PRL use.
Method

Participants
Four male patients with low vision were recruited to engage in multiple visits for testing. Subjects gave informed consent in accordance with HIPAA and the Code of Ethics of the World Medical Association (Declaration of Helsinki) as determined by SmithKettlewell's institutional review board. All patients had varying degrees of central visual field loss, Table 1 provides relevant details on each participant. Participants' P1 and P4 normally wore optical correction. However, because of poor eye tracking with the lenses, tests using the monitor and eye tracker setup, described below, were conducted without correction. All subjects were righthanded. While all subjects had at least some experience with low vision therapy for adaptation, e.g. household adaptations and/or mobility help, none had received extensive eccentric viewing training. What training was experienced was limited to instruction in using eccentric viewing heuristics.
Visual fields
Before measuring PRLs, we first characterized subjects' monocular and binocular visual fields. The pattern of visual field disruption can differ greatly between patients and even between the two eyes in a single patient, so it is useful to document the nature of each subject's visual impairment to have a context for where the PRL is placed with respect to visually functioning retina. We used two different experimental setups to perform perimetry, the first utilized used a Rodenstock Model 101 SLO (Rodenstock GmbH, Munich, Germany) and the second utilized a computer monitor and eye tracker setup.
In our monocular SLO setup, we used ''Smart Micro-Perimetry" software (MMTest, San Francisco, CA, USA) (MacKeben & Gofen, 2007) that allows perimetry with real-time eye tracking to ensure gaze-contingent stimulus presentation. This software allows for gaze-contingent rendering of stimuli, improving data reliability when fixation is unstable (as is common in CVL). This allows on average accuracy of 0.1°in controlling the location of visual stimuli on the retina. During field testing subjects were instructed to hold gaze still on a fixation cross (spanning 2°with a 0.25°stroke width), except P4 who requested that the stimulus be enlarged by 2Â for OS and 3Â for OD. In all cases, the non-tested eye was patched. Visual fields were captured monocularly by having subjects press a button when they detected a small suprathreshold point stimulus, 0.1°, briefly presented around their visual field in a standardized pattern where stimuli appeared every 2 s. Typically 135 points were presented in a predetermined diamond shaped pattern that would cover the scotoma and optic disc. For some patients, points were manually placed to ensure good coverage of the scotoma border. The SLO provides a presentation field of view of $27°Â 18°; the fixation cross was placed in a location onscreen that allowed the subject to fixate with a PRL while allowing the majority of the optic disc to appear on screen so that the disc could be used later as a localization reference. If the participant detected the stimulus they clicked a handheld response button.
In the second monocular field test setup, a binocular tabletop eye tracker (Eyelink 1000, SR Research, Ottawa, Ontario, Canada) and a 17 00 computer touchscreen monitor (ELO Touch Solutions, Milpitas, CA, USA) were used. The tracker ran in binocular mode at 500 hz tracking both pupil and corneal reflections. The monitor was viewed from 40 cm and subtended 36°Â 30°of visual angle. Presented stimuli were rendered at a pixel resolution of 1024 Â 1280 at 60 hz. All stimuli were presented using Matlab (Mathworks, Inc, Natick, MA, USA) and the psychophysics toolbox (Brainard, 1997; Kleiner, Brainard, & Pelli, 2007; Pelli, 1997) . The tracker was calibrated using an alternating black and white 'wagon wheel' stimulus (16 alternating wedges with an angle of 22.5°) subtending a 20°region that provides peripheral guidance so that a CVL patient may attempt to align their fovea with the center of this wagon wheel pattern despite their central vision loss. This peripheral guidance stimulus was inspired by Mackeben and Colenbrander (1994) and similar to González, Teichman, Lillakas, Markowitz, and Steinbach (2006) . While we could have calibrated the tracker using the subjects' fixational PRL, we found that a peripherally guiding stimulus was easier to use for our subjects. This procedure avoids possible confounds if subjects do not have a well defined PRL or have multiple PRLs. It provides the convenience of centering the eye tracker coordinate system on the fovea. This is an approximation and some patients adapt to using this peripherally guiding wagon wheel stimulus better than others. As noted by Gonzalez et al. and others (Pratt, Bedell, Ohara, & Woo, 2013) , the technique is not guaranteed to yield a foveal fixation as subjects often still use a PRL. This problem is alleviated by the fact that we used information from our SLO visual field tests to calculate an offset from the tests captured with the computer monitor. This offset was used to correct data from the eye tracker (see Section 3.1). The calibration pattern moved around the screen to five different locations and the subject was instructed to center their scotoma on the pattern at each location. The non-tested eye was patched. During visual field testing, subjects were instructed to hold gaze still on the wagon wheel (with a luminance of 0.51 cd/m 2 dimmed to 12% of full white in RGB). Visual fields were captured monocularly by having subjects press a button on a gamepad when they detected a single small suprathreshold point stimulus (with a luminance of 188 cd/m 2 at maximum full white in RGB) presented for 200 ms around the visual field in a standardized pattern. Stimulus onset randomly alternated between 0.5, 1, and 1.5 s to prevent participants from clicking at regular intervals and predicting stimulus presentation times.135 point stimuli were presented over a diamond shaped portion of the screen. Real-time gaze tracking was used to enforce that subjects fixate within 3°of the screen center before a stimulus would be displayed. Lastly, the CRT and binocular tracker setup described above were used to measure binocular visual fields. All presentation details were identical except that instead of using a diamond shaped pattern to cover the field, 135 points were randomly selected from a uniform distribution of points over the screen that formed a grid with 1.7°spacing between points.
Measuring the fixational PRL in the SLO
Subject's fixational PRLs were evaluated using the SLO by having them maintain fixation on a small 2°cross with a 0.5°s troke width. Participants placed the fixation cross by using a mouse to control its location. Participants received instructions to put the cursor in a portion of the screen where they felt it was most easily viewed and would allow them to maintain steady fixation. They performed three blocks of trials for each eye and maintained fixation for 10 s.
Measuring the functional PRL in a pointing task
Subjects were tested using the same eye tracker and monitor setup described above in the section regarding visual fields (see Section 2.2). However, in this test participants were calibrated using a 13-point calibration. They engaged in a pointing task by reaching out and touching a 0.5°visual stimulus displayed on a touch-sensitive computer screen. To directly compare the fixational PRL with the functional PRL, participants were tested in blocks of trials with either the worse or better acuity eye patched. Additionally, blocks were run with full binocular vision to examine any change in functional PRL use compared to monocular conditions. Fig. 1 shows a picture of this experimental setup. To avoid pointing from memory, stimulus position was pseudo-randomly varied across the screen, guaranteeing equal appearances in all stimulus locations but in a randomized order. Stimuli were presented in blocks of trials at a fixed target distance of either 5°or 15°from the center of the screen. Note for the number of reaches performed, valid trials were identified via the criteria described in Sections 3.4.1 and 3.4.2. Numbers in the block duration column indicated the mean time it took to complete one block of reach trials. Block durations are provided with mean duration and ±standard deviation. While it was initially intended that per condition participants would complete a block of 104 trials (13 reaches to each target location) sessions were later decreased to avoid tiring participants. As a result, and additionally due to experimenter error, the total number of reach trials is not uniform across subjects. To elaborate, P1 performed 80 reaches in each block (10 reaches to each target location) and P4 performed 104. P2 performed 64 reaches per block (8 reaches to each target location), except for 104 in the binocular 5°and 64 in binocular 15°conditions. P3 performed 80 reaches per block, except for 64 in the binocular 15°condition.
See Table 1 for a listing of the number of reaches performed by each participant.
The stimuli could appear in one of eight locations on the screen in cardinal and ordinal directions. Within a given condition, each participant was instructed to begin a trial by fixating the center of a wagon wheel fixation stimulus presented onscreen. Note, unlike the visual field test, there was no gaze contingent enforcement on fixation location at trial start, and as such subjects were not always centered, this is discussed in the results section. To start a trial, participants were required to hold down a mouse button for 2 s, after which a brief tone would sound and the fixation stimulus would disappear. A small bright green target circle (0.5°in diameter) appeared when the fixation stimulus turned off and the participants were instructed to point as accurately as possible with no time restrictions. Since stimuli could appear in the patient's scotoma(s) (discussed in our results), they were instructed to start searching for the target, even if it was not visible to them, once they heard auditory cue and the fixation stimulus disappeared. Fig. 2 shows the monocular visual fields for each subject. The data from the SLO and CRT setups are superimposed for comparison. We treat SLO results as a baseline as we have knowledge of the optic disc location and can use the results to infer the location of the fovea (see below). Despite using the wagon wheel stimuli, some results from the monitor-based visual field test suggested that participants' calibrations were not centered on the fovea, i.e. the shape of the visual fields were not aligned when compared between SLO and monitor-based experimental setups. This indicates that our eye tracker was calibrated with an offset where the patient was using a non-foveal location to fixate the center of the wagon wheel stimulus. To accommodate these shifts in eye location, results from the monitor tests were offset by an amount that achieves maximum overlap with the SLO recordings by using scotoma shape (achieved via manual placement using graphing tools in Matlab). The size of this offset was recorded for later use as an offset for eye tracking data in monocular pointing conditions (see Section 3.4.2 regarding the treatment of eye tracking data) The offsets used were as follows: P1: OS (À2.8°, À0.6°); OD (À7.1°, À9.2°); P2: OD (À6.5°, 0°), OS None; P3: OS (À4.2°, 0°); OD (À0.3°, À0.4°); P4: OS (À1.7°, À3.8°); OD (À4.9°, À2°).
Results
Monocular visual fields
In our data visualization, we place all results in fovea-centered coordinates. Since we have direct measures of the optic disc from the SLO imaging, we were able to estimate a foveal location by using prior mean empirical values from Timberlake et al. (2005) in which they measured across participants the mean value of the horizontal and vertical distance of the fovea from the optic disc.
Binocular visual fields
Since the SLO is monocular, we had no prior reference for participants' binocular scotomas and could only measure them using the monitor-based setup. Fig. 3 (Top) displays the results from each participant's binocular visual field tests. In general, the binocular scotomas cover a similar or smaller area than the individual monocular fields. Note, P4 had difficulty with the binocular testing despite repeated attempts and prior success during monocular testing. P4's binocular field may be in error as there are a number of overlapping areas (assuming foveally aligned vergence at the stimulus plane) in the monocular fields that suggest these stimuli should not have been detected binocularly. According to the recommending ophthalmologist, P4 is orthophoric, but had a childhood history of strabismus, so there is a possibility that this may have influenced binocular results. If these measures are correct, this result suggests that in some cases binocular fields may not be easily predicted from monocular tests. 
Monocular fixational PRL
Pointing task
Here we present two measures of pointing performance, duration and endpoint error. Note, that with more participants, it would be more appropriate to use a repeated measures analysis. However, with only four participants we have chosen to perform individual 3-way ANOVAs, a 3 Â 2 Â 2 analysis using viewing condition (monocular or binocular), screen location (5°or 15°), and initial stimulus presence in the scotoma (see below). For each participant we describe the ANOVA results with an emphasis on main effects and indicate in all figures, pairwise comparisons that were below a = 0.05 using Bonferroni correction for multiple comparisons.
An additional factor to consider in our experiment is that some stimuli were presented in the scotoma and others were presented in the functioning visual field. It is reasonable to suspect that participants would be faster in trials where the stimulus was immediately visible and did not require search. During reach trials, subjects were instructed to center their fovea on the screen center using the peripheral guiding fixation stimulus. Despite this instruction, post hoc analysis showed that subjects were often not directly centered. However, with the eye tracking signal and visual field test results we can compute for each stimuli whether or not it was inside or outside of the scotoma. We scored each trial target by measuring the distance between the target point and the closest recorded point from the visual field test. If the closest point was not detected in the visual field test, we considered the target to be presented inside a scotoma, else we marked the target as being visible at presentation onset. Each graph displays results from the SLO and CRT testing, and the field maps were manually aligned for maximum overlap. Calibrating with a peripheral guiding 'wagon wheel' stimulus does not guarantee foveal fixation and subjects often still use a PRL. Generally, the SLO and CRT tests are aligned with minimal offsets (See Section 3.1), but P1 and P2's OD fields required large offset values. Note, the visual field is presented from the patient's viewing perspective. For each subject, the eye with better acuity is marked in the lower right with a capital 'B'. Because we did not control for how often the stimulus was presented inside the scotoma the amounts of each type of trial were variable within subjects. Averaged across subjects, the stimulus more often fell in the scotoma in the eye with worse acuity (9%) than the better eye and OU (7%). Additionally, an average of 13% of 5°trials had the stimulus fall in the scotoma, compared to 11% of 15°trials. Computed over all trials P1 thru P4 respectively had 29, 33, 10 and 21% of all trials presented inside the scotoma.
Characteristics of pointing behavior
Prior to analyzing the touchscreen recordings, data were evaluated on criteria designed to retain only valid trials where we could be confident of satisfactory data quality. Trials were excluded from the analysis if: (1) reach durations were less than 100 ms or longer than 3 standard deviations outside the mean; (2) participant reach error was greater than 3 standard deviations from the mean; or (3) at least one of the eyes had a track loss or the eye went off the screen. Across subjects, an average of 5% (SD ± 3%) of trials were discarded (see Table 1 ). Fig. 5 shows an example of touch locations across all trials for P4's with stimuli presented at 5°.
Pointing durations, i.e. the time it took from the start of the reach by releasing the mouse button to touching the onscreen target, were analyzed to assess if there was an effect of monocular versus binocular presentation, screen location and stimulus presence in the scotoma. Fig. 6 illustrates each participant's distribution for durations sorted by viewing condition, as well as the across subject average. P1's pointing was fastest in binocular conditions, followed by the worse and better eye conditions (Worse: 2.34 s, Better: 2.93 s, Binocular: 1.95 s), F(2,451) = 79.7, p < 0.001, n 2 = 0.26.
Additionally, pointing at 15°was fastest, (5°: 2.57 s, 15°: 2.24 s), F(1,451) = 28, p < 0.001, n 2 = 0.06. The was no effect of initial stimulus presence in the scotoma, (Inside: 2.51 s, Outside: 2.36 s), F(1,451) = .83, p = 0.36.
P2's pointing was progressively faster going from the worse eye, the better and binocular viewing (Worse: 2 s, Better: 1.61 s, Binocular: 1.26 s), F(2,408) = 90.9, p < 0.001, n 2 = 0.31. P2's pointing was slower on the 15°trials faster going from the worse to better to binocular conditions (5°: 1.37 s, 15°: 1.53 s), F(1,408) = 80.7, p < 0.001, n 2 = 0.17. Additionally, P2 was a bit slower when the Overall, pointing took the shortest duration during binocular viewing. Pointing to the 15°target tended to be longer in duration for two participants, and in only one participant did initial stimulus presence in the scotoma increase the duration of pointing.
We also examined participants' pointing error across trials using a similar statistical analysis. We calculated the root mean square error (RMSE) by computing the average of the absolute distance between the point of contact onscreen and the center of the target across all trials. Fig. 7 illustrates the each participant's distribution for reach error as sorted by viewing condition, as well as the across subject average. P1 made more accurate reaches when viewing binocularly (Worse: 1.1°, Better: 1.22°, Binocular: 0.65°), F(2,451) = 18.7, p < 0.001, n 2 = 0.08. Additionally, reaches in the 5°condition were slightly more accurate (5°: 0.86°, 15°: 1.12°), F(1,451) = 8.4, p = 0.004, n 2 = 0.02. There was no effect of initial stimulus presence in the scotoma, F(1,451) = .008, p = 0.93. For P2, binocular and better eye viewing conditions yielded slightly more accurate pointing over the worse eye (Worse: 0.78°, Better: 0.53°, Binocular: 0.66°), F(2,408) = 4.5, p < 0.01, n 2 = 0.02. P2 had slightly less pointing error for the 5°condition (5°: 0.45°, 15°: 0.85°), F(1,408) = 46.8, p < 0.001, n 2 = 0.10. There was no effect of initial stimulus presence in the scotoma, (Inside: 0.96°, Outside: 0.96°), F(1,408) = q.74, p = 0.19. Across all viewing conditions P3's pointing error was equivalent (Worse: 0.71°, Better: 0.71°, Binocular: 0.74°), F(2,429) = 2, p = 0.14. He was slightly worse reaching to the 15°target, (5°: 0.52°, 15°: 0.93°), F(1,429) = 30.9, p < 0.001, n 2 = 0.07. There was no effect of stimulus presence in the scotoma, F(1,429) = 0.143, p = 0.7. P4's pointing error was largest when using the worse eye (Worse: 2.29°, Better: 1.3°, Binocular: 1.09°), F(2,573) = 13, p = 0 < 0.001, n 2 = 0.04. Unlike the other participants, P4 was equal in performance for both eccentricities (5°: 1.46°, 15°: 1.67°), F(1,573) = 0.225, p = 0.64, n 2 = 0.07. There was no main effect of initial stimulus presence in scotoma F(1,573) = 0.18, p = 0.67. Overall, participants had best performance when reaching binocularly, although often this performance was matched when pointing with the better eye. For all but one participant, the more eccentric 15°presentation also had slightly higher error. Initial stimulus presence in scotoma did not appear to play a role in pointing error.
Eye movement characteristics
Prior to analyzing eye movements, as previously detailed in Section 3.4.1, data were subject to a set of criteria to retain only valid trials. Eye movement data were segmented into saccades and fixations with using online detection provided by the SR Research Eyelink control software, which uses a mix of velocity, acceleration and dispersion criteria. A velocity threshold of 35°/s, an acceleration threshold of 9500°/s 2 and a minimum movement distance of 0.15°. Eye movement data from monocular pointing trials were corrected with an offset calculated from visual field measures (see Section 3.1). SLO visual field data were treated as a baseline for scotoma shape and optic disc location. The amount of offset required to align the SLO visual field with the visual field obtained from the monitor and mouse trials was used to correct data from the pointing conditions. Binocular trials were not offset as there was no binocular SLO data that could be used to compute an appropriate offset. Eye movement data were analyzed using the ANOVA analysis setup described in Section 3.4. The number of saccades made before contacting the touchscreen can indicate the speed and ease of how participants control saccadic targeting to the stimulus, and may also reveal discrepancies between monocular and binocular viewing conditions. Fig. 8 (Left) shows the average saccade number across participants, sorted by viewing condition.
P1 made more fixations with his better eye, than his worse acuity eye, and the least in the binocular condition (7 vs. 8.5 vs. 5.5), Overall, subjects again tend to perform better in binocular conditions usually making 1-2 saccades less. Additionally, here we see that stimulus presence in the scotoma for 2 subjects increases target search by about 1 saccade.
Lastly, we analyzed saccade amplitude. In principle, if participants search efficiently they should make an initial short saccade in the 5°condition and a long saccade in the 15°condition. Fig. 8 (Right) shows the average across subjects in the 5°and 15°condi-tions. Note, this assumption ignores the fact that participants were instructed to center their foveae on the center of the wagon wheel stimulus on each trial. If they desired to move their PRL directly to the target this distance would vary according the radial location of the target onscreen (8 cardinal and ordinal positions) and not just eccentricity (5°and 15°). Assuming participants were trying to direct their fixational PRL to the target, this would mean that the desired saccade length and direction would depend on the target's location on screen and the location of the fixational PRL at stimulus onset. While we maintain the general expectation of an initial relatively short saccade in the 5°condition and a long saccade 15°, we should not expect saccades to be exactly those lengths since our participants are not trying to direct their foveae to the stimulus location.
The amplitude of saccades made by P1 in binocular viewing were shorter than in both worse and better eye viewing (Worse: 3.89°, Better: 4.1°, Binocular: 1.78°), F(2,451) = 14.27, p < 0.001, Overall, participants did make longer saccades in the 15°versus the 5°condition (roughly 5°vs. 2°). The effect of viewing condition is a bit muddled as sometimes the worse or better eye match binocular performance. Some of this may be due to the fact that participants aren't trying to foveate the stimulus so making a 15°saccade in the 15°condition is not actually required, instead only a suitable part of peripheral retina needs to be on the target and as we shall see below the functional pointing PRL used can be quite variable.
The functional pointing PRL
To define the pointing PRL, we analyzed the location of the stimulus in the visual field during the fixation when the participant touched the screen (using the task-based PRL method of Sullivan et al., 2008) . We recorded this location across all trials per condition to define the spatial extent of the pointing PRL. Fig. 9 shows the overlay of the position of the target on the retina at the moment in time when the finger contacted the touch screen for each participant during monocular trials. For each individual we present the location of the target for both eccentricities. For ease of visualization, only cardinal directions of reach targets are shown. Additionally, Fig. 3 (Bottom) shows the same type of visualization for the distribution of target locations during binocular trials.
While the pointing and fixational PRL often overlap, we also found substantial differences as we describe below.
For some participants, the similarity between the binocular and better eye pointing PRL suggests that the better eye drives binocular fixation behavior. Across monocular and binocular trials, P1 uses a pointing PRL that covers a large area in the lower left visual field that overlaps with and extends well beyond the fixational PRL. It also appears that the binocular pointing PRL is somewhat more similar to the pointing PRL of his better eye.
P2 used a strategy of keeping the eye with worse acuity in a similar place across trials, such that the pointing PRL tends to reflect onscreen stimuli locations, very dissimilar to the fixational PRL. However, with P2's better acuity eye the fixation and pointing PRL are very close together in the left half of the visual field. The similarity between better eye and binocular pointing PRLs suggest the better eye may dominate during binocular fixation.
Monocularly and binocularly, P3 typically used a large portion of the lower left visual field in both eyes, at times close to the fixational PRL, but covering a much larger and varied area.
Lastly, P4's monocular pointing PRLs tended to favor a large swath of the lower left visual, close to the foveal sparing in the better eye, but with no overlap with the fixational PRL. In his worse eye he adopts a location in the lower left visual field, near to but not overlapping with the functional PRL. P4's binocular data suggest that near-foveal sparing drives the location of the pointing PRL, but again target locations exhibited a large spread.
While participants may often use retinal locations different from the fixational PRL, reach performance may be superior when close to the fixational PRL. For example, subjects that have poor control of PRL placement via saccades may still experience a performance benefit from stimuli located near the fixational PRL. To test this hypothesis, for monocular trials we examined the correlation between both endpoint error and reach duration with the distance between the target at time of touch and the closest data point in the fixational PRL. Stimulus distance to the fixational PRL may also be correlated with retinal eccentricity. To avoid this confound, we ran a linear regression analysis examining partial correlations, using both stimulus retinal eccentricity and stimulus distance to the fixational PRL as predictors of pointing error and in a separate analysis for reach duration. Significant correlations, a < 0.05, were means tested using t-tests. For P1's worse acuity eye there was a significant predictive relationship on pointing duration F(2,152) = 7.3, p = 0.001. However, only distance to the fixational PRL was a reliable predictor, (b = À0.06, partial r = À0.24, t(151) = 3.1, p = 0.002). In this case, P1's pointing duration was shorter with increased distance to the fixational PRL. We also found a significant predictive relationship with pointing error F(2,152) = 12.1, p < 0.001. Both distance to the fixational PRL (b = 0.08, partial r = 0.37, t(153) = 4.8, p < 0.001) and eccentricity were reliable predictors (b = À0.04, partial r = À.24, t(153) = À3.1, p = 0.002). Thus P1's pointing error using the worse eye was increased by distance to the fixational PRL, but decreased with increases in eccentricity.
In P1's better acuity eye, there was no effect of distance from the fixational PRL or eccentricity on pointing duration, F(2,151) = 0.37, p = 0.69, nor with pointing error F(2,151) = 1.93, p = 0.14. Analyzing P2's worse acuity eye we found a significant predictive relationship on pointing duration F(2,122) = 10.4, p < 0.001. Both distance to the fixational PRL (b = 0.13, partial r = 0.37, t(123) = 4.4, p < 0.001) and eccentricity were reliable predictors (b = À0.12, partial r = À0.38, t(123) = 4.5, p < 0.001). Thus P2's pointing duration using the worse eye increased with distance to the fixational PRL, but decreased with eccentricity. Similarly, pointing error was also affected, F(2,122) = 27.2, p < 0.001. With distance to the fixational PRL being a reliable predictor (b = 0.09, partial r = 0.37, t(123) = 4.3, p < 0.001). Thus P2's pointing error using the worse eye was increased by distance to the fixational PRL. Analyzing P2's better acuity eye we found a significant predictive relationship on pointing duration F(2,121) = 10.8, p < 0.001. However, only distance to the fixational PRL was a reliable predictor, (b = 0.02, partial r = 0.21, t(122) = 2.3, p = 0.02). Thus P2's pointing durations were slightly increased as distance to the fixational PRL increased. P2's worse acuity eye also had a significant predictive relationship on pointing error F(2,121) = 18.,9, p < 0.001. With both distance to the fixational PRL (b = 0.13, partial r = 0.49, t(122) = 6.1, p < 0.001) and eccentricity were reliable predictors (b = À0.11, partial r = À0.46, t(122) = À5.7, p < 0.001). Thus P2's pointing error using the worse eye was increased by distance to the fixational PRL, but decreased by increases in eccentricity.
Analyzing P3's worse acuity eye, we found a significant predictive relationship with pointing duration, F(2,153) = 6.6, p = 0.002, for both distance to the fixational PRL (b = À.03, partial r = À0.17, t(154) = À2.1) and eccentricity (b = .04, partial r = 0.23, t(154) = 2.9). There was also a significant relationship with pointing error, F(2,153) = 14.4, p < 0.001. Both distance to the fixational PRL (b = À0.12, partial r = À0.36, t(154) = À4.8) and eccentricity had an effect (b = .14, partial r = 0.4, t(154) = 5.3), whereby increases in distance to the fixational PRL decreased pointing error and duration, and increases in eccentricity increased error and duration.
P3's better eye also had a significant relationship with pointing duration, F(148,2) = 3.8, p = 0.3. Only eccentricity acted as a significant predictor (b = 0.01, t(149) = 2.2, p = 0.03). Whereby increasing stimulus eccentricity slightly increased pointing duration. Pointing error also had a significant relationship F(2,148) = 17.2, p < 0.001, but in this case only distance to the fixational PRL was a significant predictor (b = 0.04, t(149) = 3.5, p = 0.001), such that increasing distance to the fixational PRL slightly increased pointing error.
Finally, reach durations in trials with P4's worse acuity eye also had a significant relationship, F(194,2) = 14.6, p < 0.001. Eccentricity alone had a moderately significant effect (b = 0.09, partial r = 0.14, t(195) = 1.9, p = 0.06). Reach error in worse eye trials had a significant relationship, F(2,194) = 4.4, p = 0.01. However, simple means testing revealed no main effects, suggesting an interaction between stimulus eccentricity and distance to the fixational PRL.
Trials with P4's better acuity eye had a marginally significant relationship with pointing duration, F(2,195) = 2.7, p = 0.07, with a marginal effect of eccentricity (b = À0.06, partial r = À0.14, t(196) = À1.9, p = 0.06), such that increased eccentricity slightly reduced pointing duration. There was no significant relationship with pointing error in the better eye (F(2,195) = 0.1, p = 0.9).
To summarize, the results are a bit mixed without a consistent penalty on performance for stimuli far from the fixational PRL. Examining the beta values from the significant outcomes in the regression analysis we can assess effect size. Pointing duration was increased and decreased over a range of À60 to +130 ms per degree of distance further from the fixational PRL. While, pointing error was decreased and increased over a range of À0.1°to +0.13°p er degree of distance from the fixational PRL. P2 did show a consistent effect of slower and more inaccurate reaches with increased distance to the fixational PRL. However, P1 and P3 show one eye appearing to benefit and the other not (sometimes with worse performance), and for P4 distance to the PRL had no main effect on performance.
Lastly, we wanted to examine how well the fixational PRL generalizes to the functional PRL in terms of location and size. To examine the correlation in location, we examined the monocular fixational and pointing PRL's and calculated the distance between their centers. Fig. 10A shows the mean distance between the center of the bivariate ellipse fit of the fixational PRL data with each pointing target data point. If the PRLs were well aligned, most points in the plot should be close to zero. This plot illustrates that there are often several degrees of difference between the centers of the two types of PRL (roughly 6-8°).
However, the bivariate ellipse is not always the best model of a pointing PRL distribution as the shape and locations are often quite varied (see Crossland, Sims, Galbraith, and Rubin (2004) for a discussion on how the bivariate ellipse technique is subject to estimation problems when normality assumptions are not met and/or multiple PRLs occur). Thus Fig. 10A may overstate the distance between the fixational and pointing PRLs. In Fig. 10B , we use a more liberal distance estimate where we calculated the distance between the location of the pointing target with any point in the distribution of participants' fixational PRLs. This analysis does diminish the spread between the fixational and pointing PRLs but still a large variation remains (roughly 4-6°).
We analyzed the correlation between the size of the fixational and pointing PRLs using the best fit bivariate ellipse to assess PRL area. Fig. 11 shows that there is no strong correlation for these area estimates, r(14) = 0.38, p = 0.15, although there may be a slight trend for a large fixational PRL to predict a large functional PRL.
While inspecting the data, we noticed that in some conditions participants seem to place the target in a retinal location that is biased towards the target location (see Sullivan et al., 2008 for an example of this behavior in a single participant). For example, P2's monocular OS pointing trials appear to show such behavior. We analyzed the correlation of stimulus and pointing PRL positions (vertical and horizontal independently) and found that while a few conditions had statistically significant results (p < a = 0.05), generally effects were mixed. For instance, along the horizontal axis, P2's OS trials had an r 2 of 0.85, p = 1eÀ4, and a relationship where the PRL shifted by 0.8°towards the stimulus location for every 1°shift of the stimulus. However, along the vertical axis in P1's OS trials there was a r 2 of 0.46, p = 1eÀ4, but with a relationship where the PRL shifts by 0.8°away from the stimulus location for every 1°position shift of the stimulus. This suggests that an opportunistic strategy of using a portion of peripheral retina close to the stimulus' visual field location is sometimes present, but is not a default behavior across subjects.
Discussion
We have presented measurements of the monocular fixational PRL and monocular and binocular pointing PRLs in four participants with central vision loss. In general, pointing speed is slow (+1s) and finding the target requires many saccades (4-5+). However, participants touch performance is relatively accurate (usually around $1°, although subject P4 had consistently larger error) and they tend to perform with best accuracy, shortest duration and less saccades when viewing with their better eye or binocularly.
The pointing and fixational PRL spatially overlap, but the pointing PRL often covers a much larger extent of peripheral vision and is not centered in the same location. Across all patients, it becomes clear that while the fixational PRL provides some information to predict how patients might use a pointing PRL, it is not sufficient to describe the region of retina participants use during this pointing task. Further, we find that in some cases the location of the binocular pointing PRL tends to overlap with visual field location of the monocular pointing PRL of the better eye, suggesting that the better eye dominates in binocular conditions.
Prior work by Timberlake et al. (2008 Timberlake et al. ( , 2012 has suggested that participants' fixational PRLs and task PRLs tend to be within 2°of one another. While we also observe some overlap, our results suggest a wider use of residual peripheral vision. This may be due to experimental differences, e.g. Timberlake and colleagues' experimental setup uses an SLO with a live video camera feed to view hand movements. The SLO provides greater fidelity eye position recordings, so our tracking likely contains more noise. Participants P1 and P4 performed all reaching tests without the optical correction they would normally use, and it is possible the all participants would perform better with proper correction. However, it should be noted that all subjects were tested after eye-tracker calibration and found to have <2°mean error in the tracking signal suggesting that even without correction participants could refixate well enough during calibration validation using a smaller visual area than we observed in our functional reaching PRL measures. Additionally, our stimulus was quite simple, a bright green dot against black, whereas the stimuli in the other studies were physical objects the subject touched. Our subjects also had unlimited time to touch the target and typically took 1-3 s to complete their pointing to the target. It may be the case that with no time constraints and a highly salient target there is less task demand for participants to use their fixational PRL and can use online correction to guide hand movements.
In the current experiment, target distance from the fixational PRL and target distance to the fovea did not play a consistent role in influencing reach duration or pointing error. One subject showed a consistent improvement but results were mixed or absent for the others. At the end of pointing subjects were typically within 1°of the target, about one fingertip width away, suggesting performance is well maintained over a variety of retinal locations, even those far from the fixational PRL. This finding may differ in scenarios that require identification of a stimulus and not detection of stimulus spatial location, or require more constant online control as in Timberlake et al.'s study. Epelboim et al. (1995) and Steinman, Pizlo, Forofonova, and Epelboim (2003) showed that in normally sighted subjects, gaze accuracy during visually guided tapping of peg can vary due to stimulus, task and memory demands. In particular, Steinman et al. demonstrated that gaze accuracy tends to be worse for low salience targets and that gaze error tends to decrease for more eccentric targets. Objects close to the fovea before a saccade are not fixated as accurately, suggesting that during reaching, subjects prioritize gathering information that is sufficient to complete the task and not fixation accuracy. While we do not find an effect of stimulus eccentricity on gaze accuracy (note we examine final saccades, whereas the other work examines initial and final), given that subjects tend to spread out the location of the target in the fixational PRL but still have relatively good endpoint accuracy, our data does appear to be consistent with the notion that subjects are economical in saccade targeting in a way that is ''good enough" for the task with respect to the stimulus, and they do not appear to be maximizing visual quality (i.e. always putting the target as close as possible to the fovea).
Our results motivate several follow-up questions. Our subjects were a small mixed group with different ages, disease types and durations of vision loss making it difficult to tease apart particular . Relationship between location of fixational and pointing PRLs. (A) Each point plots the mean distance between the bivariate ellipse fit of a single participant's monocular fixational PRL and the set of target points that make up the pointing PRL. The points Worse Eye-OU and Better Eye-OU use this same methodology but measure the distance between either OS or OD fixational PRL centers with the target points that make up the binocular pointing PRL. (B) This plot uses the same methodology as above but instead of using the bivariate ellipse center as reference for the fixational PRL, we use a more liberal criteria and measure the data point with the minimum distance between the fixational PRL and the target data point in the pointing PRL was used.
questions concerning how oculomotor adaptation may be altered by these factors. Additionally, testing subjects with prior PRL training would provide an interesting contrast to our untrained group. Our experiment lacked a proper control on fixation at the time of stimulus presentation which added variability on whether the stimulus first appeared inside or outside the scotoma. While we have evidence for two participants that presentation inside the scotoma slightly impairs performance, this factor would require systematic testing and could be conducted with gaze contingent fixation control.
Presumably, task constraints, stimulus properties, and the particular nature of a participant's disease history all factor into determining what portions of peripheral retina may be suitable for a particular visual task or judgment. While our current results indicate a consistent PRL is not required to produce $1°of endpoint error for a small salient target, there may be scenarios where it is required. For example, functional PRL during judgement of a stimulus (e.g. orientation) could potentially highlight situations where the functional PRL is more similar to the fixational PRL, e.g. acuity driven tasks. Fig. 11 . Relationship between areas of bivariate ellipse fits for fixational and pointing PRLs. Each marker represents BCEA fits to monocular data for each eye for the 5°and 15°conditions. The correlation between the fixational and pointing PRL areas is r(14) = 0.38, p = 0.15.
